In order to isolate the structural gene involved in sucrose utilization, we screened a sucrose-induced Candida albicans cDNA library for clones expressing at-glucosidase activity. The C. albicans maltase structural gene (CAMAL2) was isolated. No other clones expressing cx-glucosidase activity were detected. A genomic CAMAL2 clone was obtained by screening a size-selected genomic library with the cDNA clone. DNA sequence analysis reveals that CAMAL2 encodes a 570-amino-acid protein which shares 50%o identity with the maltase structural gene (MAL62) of Saccharomyces carlsbergensis. The substrate specificity of the recombinant protein purified from Escherichia cofi identifies the enzyme as a maltase. Northern (RNA) analysis reveals that transcription of C4M4L2 is induced by maltose and sucrose and repressed by glucose. These results suggest that assimilation of sucrose in C. albicans relies on an inducible maltase enzyme. The family of genes controlling sucrose utilization in C. albicans shares similarities with the MA4L gene family ofSaccharomyces cerevisiae and provides a model system for studying gene regulation in this pathogenic yeast.
Genetic studies of Candida albicans have been hampered by its asexual diploid state. Over the last several years, isolation of auxotrophic mutants, development of gene disruption techniques, and construction of host vectors have facilitated these studies. Still, little is known about gene regulation, in part because a system in which to conduct these studies has not been available. Recently, an inducible a-glucosidase which hydrolyzes sucrose in C albicans has been described (21) . The enzyme is present in cells grown on sucrose or maltose but not glucose (17) . Additionally, two types of naturally occurring sucrose-negative strains which lack this a-glucosidase activity have been described. One type, previously referred to as Candida stellatoidea type II (17, 21) , is a sucrose-negative mutant of C albicans (21) and can be transformed to a sucrose-positive phenotype with the CASUC1 gene (17) . CASUCI, a putative regulatory gene, encodes a zinc finger protein which is structurally and functionally homologous to that which is encoded by the maltose regulatory gene (AML63) of Saccharomyces cerevisiae (17) . An important first step in studying the regulation of sucrose assimilation in C. albicans is the isolation of the a-glucosidase structural gene involved in the hydrolysis of sucrose.
Another source of interest in the C. albicans a-glucosidase gene comes from studies of the second type of sucrosenegative strains, Candida albicans var. stellatoidea, previously referred to as C. stellatoidea type I (17, 23, 38) . C. albicans var. stellatoidea shares a high degree of DNA homology with C. albicans but can be differentiated from C. albicans on the basis of karyotype, restriction fragment polymorphism for mitochondrial DNA, and virulence in mice (23, 38) . The genetic defect underlying the sucrosenegative phenotype of C. albicans var. stellatoidea is not known, but complementation studies suggest that it differs from that of the C. albicans sucrose-negative mutants (22) . Plating C. albicans var. stellatoidea on sucrose-containing * Corresponding author. medium results in the emergence of new phenotypes, including the ability to assimilate sucrose, increased growth rate, and increased virulence in a mouse model (38) . Specific chromosomal rearrangements accompany the appearance of these new phenotypes (38) . The gene encoding the a-glucosidase enzyme involved in sucrose utilization may serve as an important marker for studying the basis of the chromosomal rearrangements.
The aim of the present study was to isolate and sequence the C albicans a-glucosidase structural gene involved in sucrose utilization, to study its transcriptional regulation by Northern (RNA) analysis, and to express and characterize the recombinant protein. These studies should allow us to further explore the regulation of sucrose utilization in C. albicans and the role of sucrose assimilation in pathogenesis.
MATERIALS AND METHODS
Strains. C. albicans ATCC 32354 was used. Escherichia coli SURE (Stratagene, La Jolla, Calif.) was the host strain used for screening the cDNA library. E. coli XL1-Blue (Stratagene) was the recipient strain of the Bluescript phagemid following in vivo excision from the Uni-Zap XR vector (Stratagene). E. coli DH5a (GIBCO-BRL Life Technologies, Bethesda, Md.) was the host strain for subsequent cDNA plasmid propagations as well as for the plasmids containing the genomic maltase clone and cDNA clone coding for the small-subunit (18S) rRNA.
Vectors. p3VL contained the maltase cDNA clone inserted into the EcoRI and XhoI sites of the Bluescript phagemid. pG9M contained the genomic maltase clone and consisted of a 6.2-kb BglII DNA fragment inserted into the pUC 13 BamHI site. pCAR5 contained a 1.5-kb partial cDNA clone of the C albicans 18S rDNA ligated into pUC 19. This clone was obtained by using synthetic oligonucleotides complementary to conserved sequences of the 18S rRNA by previously described methods (12) . The sequence of the clone was determined to verify that it contained an 18S rDNA fragment.
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RNA isolation, construction of the cDNA library, and Northern analysis. RNA for construction of the cDNA library was extracted from cells grown to mid-log phase at 37°C in RPMI 1640 medium (Biofluids, Rockville, Md.), without glucose or phenol red and with 2% sucrose and 20 mM hydroxyethylpiperazine-N'-2-ethanesulfonic acid, by a method similar to that of Lucas et al. (27) . Poly(A) RNA was isolated from whole-cell RNA by standard methods (33) . cDNA was constructed from 5 ,ug of poly(A) RNA with the ZAP cDNA synthesis kit (Stratagene) and ligated into the Uni-Zap XR vector according to the instructions of the manufacturer. For mRNA induction studies, whole-cell RNA was extracted from C. albicans grown at 30°C to mid-log phase. Cells were grown in YEP broth (2% Bacto Peptone, 1% yeast extract) with 2% glycerol, washed once in sterile deionized water, and inoculated at a concentration of 5 x 106 into YEP broth containing either 2% glycerol, maltose, sucrose, or glucose or the combination of 2% sucrose and 2% glucose. Cells were grown for S h and RNA was extracted as described above. Northern blot analysis was performed by standard methods (33) .
DNA isolation and Southern analysis. DNA was isolated as previously described (37) . Plasmid DNA was isolated with Qiagen kits (Qiagen Inc., Chatsworth, Calif.) according to the instructions of the manufacturer. Southern blot hybridizations were performed by standard methods (33) .
Isolation of maltase cDNA and genomic clones. The cDNA library was screened by incubating recombinant bacteriophage with E. coli SURE host cells. This suspension was then mixed with 6.5 ml of top agarose (Luria-Bertani medium with 0.7% agarose) containing 50 pl of 0.5 M isopropyl-P-D-thiogalactopyranoside (IPTG; United States Biochemicals Corporation, Cleveland, Ohio) and 50-,g/ml 5-bromo-4-chloro-3-indolyl-a-D-glucopyranoside (X-Glu; Boehringer Mannheim, Indianapolis, Ind.), a substrate for a-glucosidases, and plated onto plates of bottom agar (Luria-Bertani medium with 1.5% agar). Positive plaques were identified by their blue color, indicating hydrolysis of the X-Glu. The Bluescript phagemids were isolated from positive clones by in vivo excision of the Uni-ZAP XR bacteriophage with the R408 helper phage (Stratagene).
On the basis of Southern analysis of genomic DNA digested with BglII (New England Biolabs, Beverly, Mass.), a size-selected genomic library was constructed in pUC13. Following transformation into E. coli, genomic clones were obtained by screening the library with the maltase cDNA clone.
DNA sequencing and analysis. Plasmid DNA was sequenced by a dideoxy chain-termination method according to the instructions of the Sequenase kit (United States Biochemicals). Sequence analysis was performed by using the Genetics Computer Group Sequence Analysis Software Package (7) on a Convex C240 computer maintained by the Division of Computer Research and Technology at the National Institutes of Health.
Recombinant a-glucosidase purification. E. coli DH5a cells transformed with p3VL were grown overnight in 6 liters of Luria-Bertani broth supplemented with 0.2% glucose and 1 mM IPTG. Cells were then suspended in 1/2 volume of 0.01 M sodium phosphate (pH 7.5)-l mM phenylmethylsulfonyl fluoride and broken by mechanical shaking in a Braun homogenizer with an equal volume of acid-washed glass beads (0.45-mm diameter) at 4°C. Unless otherwise noted, all further procedures were carried out at 4°C. The extract was spun at 5,000 x g for 10 min, whereupon an equal volume of a saturated ammonium sulfate solution was added to the supernatant. After standing for 15 min, precipitated material was removed by centrifugation at 10,000 x g for 10 min. The supernatant, which contained more than 98% of the enzyme activity, was then applied to a phenyl-Sepharose (Pharmacia-LKB, Uppsala, Sweden) column (5.0 by 13 cm) equilibrated in 50% saturated ammonium sulfate-0.01 M sodium phosphate (pH 7.5) and washed with 1 liter of a cold solution of 0.01 M sodium phosphate (pH 7.5) to which solid ammonium sulfate sufficient to raise the conductivity to 100 mS at 25°C had been added. The enzyme was then eluted with a 500-ml gradient formed from equal volumes of the previous buffer and one which was identical except that it had ammonium sulfate sufficient to raise the conductivity to 20 mS. Fractions containing enzyme activity were then pooled and dialyzed for 16 h against 4 liters of 0.01 M sodium phosphate (pH 8.0). This material was applied to a diethylaminoethyl-Sephacel (Pharmacia-LKB) column (2.5 by 18 cm) previously equilibrated in the same buffer and then washed with the same buffer. The enzyme was eluted with 500 ml of a linear gradient of 0.01 to 0.3 M sodium chloride in the same buffer. Fractions with enzyme activity were pooled, dialyzed against 0.01 M sodium phosphate (pH 7.5), and applied to a Biogel hydroxylapatite (Bio-Rad Laboratories, Watford, Hertfordshire, United Kingdom) column (2.5 by 15 cm) equilibrated with 0.01 M sodium phosphate (pH 7.5). After the column was washed with this same buffer, the enzyme was eluted with a 500-ml gradient of 0.01 to 0.1 M sodium phosphate (pH 7.5). Fractions with enzyme activity were pooled, dialyzed against 0.02 M sodium acetate (pH 6.0), concentrated, and applied to a SynChropak Q300 high-performance liquid chromatography column (Synchrom, Inc., Lafayette, Ind.) equilibrated with 0.5 M sodium acetate (pH 6.0) and eluted with a 0.5 to 1.5 M sodium acetate gradient (pH 6.0) over 30 min. Fractions with enzyme activity yielding single bands on Coomassie staining of an SDS-polyacrylamide gel (24) were pooled and dialyzed against 0.01 M sodium phosphate (pH 7.5).
Enzyme assay. a-Glucosidase activity was measured with p-nitrophenyl-a-D-glucopyranoside by a method similar to that of Ramirez et al. (31) or by detection of glucose with glucose oxidase-peroxidase coupled in a continuous assay similar to that of Somogyi and Nelson (35) . Nucleotide sequence accession number. The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M94674.
RESULTS
Isolation and sequence of the C. albicans maltase gene. Fourteen cDNA clones were isolated from approximately 600,000 screened for their ability to hydrolyze X-Glu. Restriction analysis of these clones with EcoRI, XhoI, HincII, MscI, and AccI (New England Biolabs) showed all 14 of the clones to have inserts of approximately 1.75 kb with the same restriction digest patterns. Southern analysis of genomic DNA with p3VL as a probe indicated that a single gene encodes the C. albicans maltase (Fig. 1) nucleotide sequence of CAAML2 obtained from the cDNA clone p3VL begins 4 bases downstream from the putative start codon. The cDNA and genomic CAMAL2 sequences were otherwise identical, and no intron sequences were present. The predicted molecular mass of the C. albicans maltase protein is 66.1 kDa. Flanking the putative initiation codon are the well-conserved adenine at position -3 and thymine at position +6 (13) . The codon following the start codon encodes serine, which is the most frequently used amino acid at the second position in S. cerevisiae (13) . A TATAA sequence is present beginning at position -61. A thymine-rich area is present upstream of the initiation codon. Similar thymine-rich sequences have been found upstream of many yeast genes, and studies by Hong and Marmur (16) have suggested that this area may play a role in glucose repression of the AML62 gene of S. cerevisiae. An 8-bp motif with consensus sequence AAANTITT is found repeated three times within the first 500 bases of the 5'-flanking sequence. Homologous 7-bp repeats with sequence AAANTIT are found upstream of the S. cerevisiae MAL62 gene (16) . One of the repeats is located within the binding site of the M4L63 protein (30) . Similar short repeated motifs have been found within upstream activating sequences of a number of yeast genes (34) . The 3' noncoding region contains the yeast transcription termination signal TAG... TAGT... TTTT described by Zaret and Sherman (39) beginning at nucleotide 1773.
Alignment of the derived protein sequence of the C albicans maltase gene with that derived from the Saccharomyces carlsbergensis MAL62 (15) gene reveals 50% identity (Fig. 3) . Four areas which share structural homology to conserved areas of other a-glucosidases can be identified (36) . These sequences have been shown in some of these related enzymes to play a role in the binding and/or catalysis of substrate (for a review, see reference 36). In particular, the amino acid sequence asparagine-histidine-aspartic acid, found at positions 347 to 349 of the C albicans maltase, is present in 12 of 15 previously isolated a-glucosidases (36) . The aspartic acid residue has been shown to act as a catalytic residue in several of these enzymes (2, 28) .
Expression and purification of recombinant maltase. The recombinant protein was purified to more than 95% purity. The purified protein was found to have a molecular mass of (20) . In addition, N-terminal sequencing of the recombinant protein revealed a sequence of GNKKW NKEAVYYQIWPASYKDSNGDG. This sequence matches 22 of 26 amino acids of the predicted amino acid sequence derived from the cDNA maltase clone p3VL. These data make the inadvertent isolation of an E. coli a-glucosidase unlikely.
Induction of maltase mRNA. Northern analysis revealed that maltase mRNA was induced twice as much in maltoseversus sucrose-grown cells (Fig. 4) (25) , Schwanniomyces castellii (8, 9) , Candida tsukubaensis (18, 19) , and Candida tropicalis (32) . Little information regarding the substrate specificity and regulation of the C. albicans glucoamylase is available (5, 26) , and a role for this enzyme in sucrose utilization cannot be excluded. However, we did not isolate this gene from our cDNA library by using an assay capable of detecting the glucoamylase activity of C. tsukubaensis (18, 19) .
CAMAL2 is structurally similar to AML62, the maltase structural gene of S. carisbergensis. Another C. albicans gene, CASUCI, involved in sucrose utilization is homologous to ALL63, the maltose regulatory gene of S. cerevisiae (4) . Transformation with CASUC1 restores the maltose utilization ability of a S. cerevisiae mutant, TCY-137, which contains a disrupted MAL63 gene (17) . Thus, sucrose assimilation in C. albicans appears to be under the control of a family of genes analogous to the MAL gene family of Saccharomyces species. The Saccharomyces species MAL gene family comprises AML62, AML63, and AML61, a maltose permease gene (3, 6) . The S. cerevisiae maltase enzyme is intracellular and hydrolyzes maltose following its transport into the cell via a maltose permease (3, 6) . Evidence from the present study points to an intracellular location for the C. albicans maltase. The derived N-terminal amino acid sequence from the cDNA clones is highly homologous to the N-terminal sequence of the S. carlsbergensis maltase (15) and does not contain characteristic features of a signal peptide which might aid in transporting the enzyme extracellularly (14) . The genomic sequence upstream of the putative start codon does not appear to encode such a peptide. A maltose transport system has been shown to exist (1) , but further studies are needed to determine whether C. albicans transports sucrose intracellularly.
Regulation of the C. albicans maltase gene shares a number of features with that of S. cerevisiae but differs in other respects. In C. albicans, transcription of C4MAL2 is induced by both maltose and sucrose and repressed by glucose. Transcription of the AML62 of S. carlsbergensis is induced by maltose and repressed by glucose (10, 11) , but induction by sucrose has not been reported. S. carlsbergensis hydrolyzes sucrose by means of the periplasmic invertase, an enzyme which is not present in C. albicans. The observed difference in the induction of maltase by sucrose may represent a difference in gene regulation between the two yeasts or may simply reflect the presence of intracellular sucrose in C. albicans and not in Saccharomyces species.
The product of the AML63 gene of S. cerevisiae acts as a positive regulator of transcription of the MAL62 gene (4).
Two binding sites for the AML63 protein upstream of the MAL62 gene have been identified by DNase I footprinting (30) . Neither of the sequences involved in the binding of the maltose regulatory protein in S. cerevisiae is found upstream of the C. albicans maltase gene. However, the C. albicans gene CASUCI corrects the maltose utilization defect of a S. cerevisiae strain with a disruption of the AML63 gene (17) , suggesting that the product of the CASUCI gene binds to regulatory sequences upstream of the maltase structural gene in S. cerevisiae.
Disruption of the CAMAL2 gene from a C. albicans strain is under way in our laboratory. The availability of a camal2 mutant will allow us to further study the role of the CAMAL2 gene in both carbohydrate assimilation and virulence in C. albicans.
